Background: It has long been proposed that albumin, bilirubin and uric acid may inhibit cancer development due to their antioxidative properties. However, there is a lack of population-based studies on blood levels of these molecules and cancer risk.
It has long been proposed that endogenous antioxidants, particularly albumin, bilirubin and uric acid, may exert anticarcinogenic properties (Ames et al, 1981; Stocker et al, 1987; Halliwell, 1988; Ko et al, 1994) . Indeed, various clinical cohort studies have shown that lower levels of albumin prior to therapy are related to worse outcomes in cancer patients with different types of tumours (Gupta and Lis, 2010) . Concerning uric acid and bilirubin, findings from prognosis studies are less consistent, with some pointing to better outcomes in cancer patients with higher blood levels (Ching et al, 2002; Zucker et al, 2004; Lin et al, 2013; Dziaman et al, 2014; Liu et al, 2015) and others suggesting the opposite (Shin et al, 2006; Haas et al, 2013; Stotz et al, 2014; Gao et al, 2016) .
Previous prospective studies on pre-diagnostic levels of circulating antioxidants and cancer risk have revealed mixed results. In three cohort studies, serum albumin levels were inversely associated with cancer mortality (Phillips et al, 1989; KlonoffCohen et al, 1992; Fischer et al, 2014) . The only other cancer end point, for which data from more than one prospective study exists, is colon cancer; while three studies showed inverse associations with albumin (Stevens et al, 1988; Ko et al, 1994; Ghuman et al, 2017) , and two showed no associations (Knekt et al, 2000; Prizment et al, 2011) , three further prospective studies did not reveal associations between albumin and the risks of breast (Wulaningsih et al, 2015) , prostate (Van Hemelrijck et al, 2011) and lung cancer (Sprague et al, 2008) .
Baseline levels of bilirubin were inversely associated with total cancer mortality in a population-based cohort from Belgium (Temme et al, 2001 ). In addition, inverse associations between prediagnostic bilirubin levels and lung cancer risk were reported from two prospective studies (Horsfall et al, 2011; Wen et al, 2015) , whereas bilirubin levels were not related to colon cancer risk in two smaller studies (Ko et al, 1994; Ioannou et al, 2006) .
With respect to uric acid, a recent meta-analysis based on nine prospective studies pointed to a direct relationship with overall cancer mortality, even though significant heterogeneity of results from the included studies was reported (Yan et al, 2015) . Studies on uric acid levels and cancer incidence have provided mixed results. In a smaller cohort of Japanese men from Hawaii, uric acid levels were positively associated with the risk of prostate cancer but no other cancer types (Kolonel et al, 1994) . A large-scale study from Austria showed that pre-diagnostic uric acid levels were related to an increased risk of overall cancer, and particularly cancers of the digestive and urinary organs as well as haematopoietic cancers in men (Strasak et al, 2009) , and cancer mortality in women (Strasak et al, 2007) . Similarly, uric acid levels were associated with an increased overall cancer risk in clients of an American health maintenance organisation (Hiatt and Fireman, 1988) . By contrast, an evaluation of a large British primary care database revealed that uric acid levels were inversely associated with lung cancer risk, although this association was limited to smokers (Horsfall et al, 2014) . No association between uric acid levels and colon cancer risk were found in a smaller prospective study from the United States (Ko et al, 1994) .
In several of the above-mentioned studies, secondary data from health insurances and primary care were used for statistical analyses and a detailed adjustment for potential confounders was not possible. Thus and considering the low number of prospective studies on serum antioxidants and individual cancer types, we decided to comprehensively investigate whether albumin, bilirubin and uric acid levels are associated with the risk of the most common cancers in a well-characterised population-based cohort. Following a case-cohort design, serum biomarkers were measured in samples of participants, who developed breast, prostate, lung and colorectal cancer or died of cancer (all cancers), and participants selected for a large random subcohort.
METHODS

Study population. EPIC-Heidelberg is part of the European
Prospective Investigation into Cancer and Nutrition (EPIC), an ongoing multicentre cohort study in 23 study centres across 10 European countries that was launched in the 1990s (Riboli and Kaaks, 1997) . In Heidelberg, 25 540 volunteers (53% women) from the local general population in the age range between 35 and 65 years entered the study between 1994 and 1998 . The baseline examination included a medical interview and detailed assessments of socio-economic status, dietary habits, tobacco use and alcohol consumption. In addition, anthropometric measurements were taken and a blood sample was obtained for the biobank of the study. Since the baseline of EPIC-Heidelberg, participants are being followed-up by active and passive procedures. Incident cases of cancer are ascertained by study physicians and validated against medical records (Bergmann et al, 1999) . Death cases are recorded via record linkage and death certificates are used to code causes of death. The study was approved by the ethics committee of the Heidelberg University Hospital and all participants provided written informed consent.
For the present analyses on blood antioxidants and cancer risk, a case-cohort sample was chosen. This sample consists of a random subcohort (n ¼ 2739) and all incident cases of breast (ICD-10 C50, n ¼ 627), prostate (ICD-10 C61, n ¼ 554), lung (ICD-10 C34, n ¼ 195) and colorectal cancer (ICD-10 C18-19, n ¼ 256) as well as all cases of cancer death (n ¼ 761) that had occurred until 31 December 2009, the closure date for the present study.
Laboratory methods. Blood samples were processed into plasma, serum, buffy coat and erythrocyte samples at baseline and stored in liquid nitrogen at À 196 1C. For the present analyses, serum straws were retrieved from the biobank, opened by a heated wire cutting system and aliquoted directly into measurement tubes. Serum samples were then delivered to the SHL Laboratories (Etten-Leur, The Netherlands) on dry ice, where serum concentrations of albumin, bilirubin and uric acid were determined using the Cobas 6000 analytical system (Roche Diagnostics, Mannheim, Germany) for clinical chemistry according to the manufacturer's protocols. Percentages of failed measurements were 2.8%, 8.2%, and 7.8% for albumin, bilirubin and uric acid, respectively.
Statistical analyses. Mean values (s.d.) of covariates and frequencies of covariate strata are presented by case status to characterise the study population. In addition, geometric means of antioxidant levels adjusted for age and sex across strata of covariates were calculated by linear regression models. Associations between biomarker levels and end points (breast, prostate, colorectal and lung cancer as well as cancer death) were analysed by Cox proportional hazards regression models accounting for the casecohort design by the so-called Prentice method (Prentice, 1986) . Age at baseline was used as age at entry and observations in the subcohort were censored at the end of follow-up, loss to follow-up, date of death or date of cancer diagnosis, whichever came first. According to the weighting scheme proposed by Prentice, cases outside the subcohort were only included into the risk set at the time of cancer diagnosis (Prentice, 1986) . Extended correlation tests based on Schoenfeld residuals did not point to violations of the proportional hazards assumption (Xue et al, 2013) . Two Cox regression models were used to evaluate associations between biomarkers and cancer risk. In a first 'crude' model, we only adjusted for sex and for age at baseline. In a second multivariable model, known potential confounders were included based on a literature search. Linear trends were assessed using biomarker levels on the log2 scale as continuous parameters in Cox regression models. Considering that serum levels of albumin, bilirubin and uric acid may be affected by manifest tumours, we conducted sensitivity analyses excluding cancer cases that had occurred during the first 2 years of follow-up from Cox regression models. SAS 9.4 (Cary, NC, USA) was used for all statistical analyses.
RESULTS
Characteristics of the study population. Characteristics of study participants in the random subcohort and those who developed cancer during the follow-up of EPIC-Heidelberg until 2009 are shown in Table 1 . The subcohort consisted of 1466 women and 1273 men with mean ages of 49.5 and 52.6 at baseline. The average follow-up duration in the subcohort was 14.8 ( ± 3.4) years. Follow-up durations among cases were as follows: colon cancer: 8.1 ( ± 4.3) years; breast cancer: 8.4 ( ± 4.5) years; lung cancer: 8.8 (±4.5) years; prostate cancer: 9.2 (±4.4) years; cancer death: 7.5 ( ± 3.7) years. While mean albumin levels only showed slight differences by case status or sex, mean bilirubin levels were higher in men than in women, and lower in lung cancer cases. Uric acid levels were lower in women than in men too, but not different between cases and non-cases.
Further cross-sectional associations between antioxidant levels and potential confounding factors are presented in Supplementary  Table 1 . There were significant inverse associations between albumin concentrations and age, BMI as well as CRP levels. Bilirubin levels were lower with higher age, higher BMI, higher CRP and among smokers. Bilirubin levels were positively associated with alcohol intake and education level. Uric acid levels showed direct associations with age, smoking, BMI, alcohol intake as well as CRP, and were higher among individuals with lower educational degree and prevalent gout. Correlations between biomarker levels were weak, with Spearman's coefficients of 0.09 (albumin and uric acid), 0.05 (bilirubin and uric acid) and 0.16 (bilirubin and albumin).
Risk associations. Results of Cox regression analyses on antioxidant levels and cancer risk are shown in Tables 2a, 2b and 2c. In brief, albumin levels were significantly inversely associated with the risks of breast cancer (hazard ratio Quartile 4 vs Quartile 1 (95% confidence interval): 0.71 (0.51, 0.99), P trend ¼ 0.004), and overall cancer mortality (HR: 0.64 (0.48, 0.86), P trend o0.001) after multivariable adjustment for potential confounders. There were no significant associations between albumin levels and the risks of lung, prostate and colorectal cancer. Uric acid levels were also associated with lower breast cancer risk (HR: 0.72 (0.53, 0.99), P trend ¼ 0.043) and lower cancer mortality (HR: 0.75 (0.58, 0.98), P trend ¼ 0.09), but not with the risks of lung, prostate and colorectal cancer. Results from analyses on uric acid and cancer risk were only marginally affected when prevalent gout was additionally included into the multivariable adjusted model as confounder; the HRs of breast cancer and cancer death were at 0.72 (0.53, 0.98), P trend ¼ 0.036 and 0.74 (0.57, 0.97), P trend ¼ 0.08.
Considering the similarity of results for albumin and uric acid, that is, inverse associations with breast cancer risk and cancer mortality, further Cox regression analyses with mutual adjustments were carried out. Upon adjustment for uric acid levels, associations between albumin concentrations and breast cancer risk (HR: 0.69 (0.49, 0.97), P trend ¼ 0.004) as well as cancer mortality (0.67 (0.49, 0.89), P trend o0.001) remained largely unchanged. The associations between uric acid and breast cancer risk (HR: 0.75 (0.55, 1.03), P trend ¼ 0.09) and cancer mortality (HR: 0.81 (0.62, 1.05), P trend ¼ 0.40) were slightly attenuated and no longer significant after adjustment for albumin.
Bilirubin levels were strongly inversely associated with lung cancer risk in the age-and sex-adjusted Cox model (HR: 0.31 (0.18, 0.53), P trend o0.001). However, this association was attenuated by multivariable adjustment for confounders and did not remain statistically significant (HR: 0.56 (0.31, 1.02), P trend ¼ 0.21). Bilirubin levels were not significantly associated with any of the other end points, either. An exclusion of study participants with impaired liver function (as defined by serum levels of glutamic oxaloacetic transaminase 450 U l À 1 ) did not affect the associations between bilirubin concentrations and cancer risks.
No significant interactions between biomarkers and adjustment factors were observed in Cox regression analyses. There was no indication for heterogeneity of associations between biomarkers and breast cancer risk by oestrogen receptor status. The exclusion of cancer cases that had occurred during the first 2 years of followup from risk analyses did not lead to substantial changes of the hazard ratios shown in Tables 2a, 2b and 2c. There was no heterogeneity of associations by lag time.
Analyses on cancer type-specific mortality were restricted due to lower case numbers (most common causes of cancer death: lung cancer, n ¼ 138; colorectal cancer, n ¼ 78; breast cancer, n ¼ 69; pancreatic cancer, n ¼ 60; prostate cancer, n ¼ 29). With respect to breast cancer mortality, we observed a linear trend for an inverse association with albumin, although there was no significant risk difference between women in the highest and the lowest quartile (HR: 0.52 (0.22, 1.21), P trend ¼ 0.006). Uric acid levels were not significantly associated with breast cancer mortality (HR: 0.57 (0.28, 1.15), P trend ¼ 0.39). Albumin levels were significantly inversely associated with colorectal cancer mortality (HR: 0.44 (0.20, 0.99), P trend ¼ 0.006), while all other associations between the three biomarkers and cancer mortality by individual cause were non-significant.
DISCUSSION
In the present study, associations of pre-diagnostic serum albumin, bilirubin and uric acid with the risks of breast, prostate, lung and Results from Cox proportional hazards regression analyses.Model 1 adjusted for age and, where applicable, sex; Model 2 adjusted for age, smoking (never, former, current), lifetime alcohol intake (g per day), current aspirin use (yes/no), physical activity (Cambridge index), waist circumference (cm), BMI (continuous), height (cm), education level (primary school, secondary school, university degree); analyses on breast cancer risk were additionally adjusted for: menopausal status, current hormone therapy use (yes/no), current oral contraceptive use (yes/no), at least one full term pregnancy (yes/no); analyses on colorectal cancer risk were additionally adjusted for: sex, fibre intake (g per day), processed meat intake (g per day). . Results from Cox proportional hazards regression analyses.Model 1 adjusted for age and, where applicable, sex.Model 2 adjusted for age, smoking (never, former, current), lifetime alcohol intake (g per day), current aspirin use (yes/no), physical activity (Cambridge index), waist circumference (cm), BMI (continuous), height (cm), education level (primary school, secondary school, university degree); analyses on breast cancer risk were additionally adjusted for: menopausal status, current hormone therapy use (yes/no), current oral contraceptive use (yes/no), at least one full term pregnancy (yes/no); analyses on colorectal cancer risk were additionally adjusted for: sex, fibre intake (g per day), processed meat intake (g per day).
colorectal cancer as well as total cancer death were analysed using data of the prospective EPIC-Heidelberg cohort. Both albumin and uric acid levels were inversely associated with breast cancer risk and cancer mortality in multivariable statistical models, while there were no significant associations with risks of lung, prostate and colon cancer. No significant associations between bilirubin levels and any of the cancer end points were observed.
Our finding of an inverse association between pre-diagnostic albumin levels and breast cancer risk is not in line with a recent finding from the registry-based Swedish AMORIS study, which showed no significant association (Wulaningsih et al, 2015) . Just like in our study, there was no significant association between albumin and prostate cancer risk in the AMORIS study (Van Hemelrijck et al, 2011) , even though the hazard ratios of 0.79 for participants in the highest albumin quartile in both studies may still be compatible with a weaker inverse relationship. With respect to colon cancer risk, two earlier publications of longitudinal survey data from the United States had shown inverse associations with albumin levels (Stevens et al, 1988; Ko et al, 1994) , whereas no significant associations were observed in a registry-based cohort from Finland (Knekt et al, 2000) and the population-based ARIC study (Prizment et al, 2011) . Only recently, a weak inverse relationship between albumin and colon cancer risk was reported from the AMORIS study (Ghuman et al, 2017) . Overall, these previous results and the non-significant inverse association in our study may again point to a weak inverse association between albumin and colon cancer risk. The lack of association between albumin concentrations and risk of lung cancer in our study is consistent with a report from a community-based American cohort (Sprague et al, 2008) . Finally, our result of lower albumin levels being related to greater risk of cancer death is in line with two smaller studies from the early 1990s (Phillips et al, 1989; KlonoffCohen et al, 1992) , and one recent metabolomics study, in which albumin was among the four 'top hits' out of 106 lipids, proteins and metabolites showing the strongest associations with cancer mortality (Fischer et al, 2014) .
A decrease in circulating albumin in cancer patients has been known for decades ([No Authors listed], 1972; Costa, 1977) and lower albumin levels are consistently related to worse prognosis with respect to various tumour types (Gupta and Lis, 2010) . Reasons for lower albumin levels in cancer patients include an inhibition of albumin synthesis due to cancer-related systemic inflammation, malnutrition and an increased turnover of albumin by tumours (Stehle et al, 1997; Gupta and Lis, 2010) . Associations between pre-diagnostic albumin levels many years prior to diagnosis and cancer risk may not be fully explained by these phenomena, however, considering that the results of the present study were independent of CRP status and lag time between blood collection and diagnosis. Thus, the hypothesis of anti-oxidative properties of albumin (Ko et al, 1994) may remain plausible, despite limited mechanistic data regarding cancer. Strikingly, recent data from a large-scale cross-sectional study on the relationship between a wide range of routine blood biochemistry markers and chronological age revealed that albumin was clearly most predictive of age (Putin et al, 2016) . When further considering that albumin has also been shown to be inversely associated with cardiovascular disease risk and mortality (Danesh et al, 1998; Putin et al, 2016) , it seems equally possible that albumin either exerts global anti-oxidative or anti-inflammatory effects or that it is an unspecific marker of biological age, lifestyle and overall health status. In our study, albumin levels were inversely associated with age, BMI and CRP levels, even though adjustment for these factors hardly affected risk associations. Eventually, a straightforward way to further investigate whether associations between albumin levels and chronic diseases reflect causal relationships could be Mendelian randomisation, as genetic proxies for serum albumin have been identified (Franceschini et al, 2012; Kettunen et al, 2012) .
With respect to bilirubin levels, we observed a strong inverse association with lung cancer risk that was attenuated when correcting for confounders, particularly smoking status, and remained no longer significant in the multivariable Cox regression model. By contrast, higher bilirubin levels remained significantly associated with lower lung cancer risk in previous large-scale studies from the United Kingdom (Horsfall et al, 2011) and Taiwan (Wen et al, 2015) after adjustment for smoking. Interestingly, bilirubin levels were significantly lower in smokers than in non-smokers in these studies and in our study, possibly . Results from Cox proportional hazards regression analyses.Model 1 adjusted for age and, where applicable, sex.Model 2 adjusted for age, smoking (never, former, current), lifetime alcohol intake (g per day), current aspirin use (yes/no), physical activity (Cambridge index), waist circumference (cm), BMI (continuous), height (cm), education level (primary school, secondary school, university degree); analyses on breast cancer risk were additionally adjusted for: menopausal status, current hormone therapy use (yes/no), current oral contraceptive use (yes/no), at least one full term pregnancy (yes/no); analyses on colorectal cancer risk were additionally adjusted for: sex, fibre intake (g per day), processed meat intake (g per day).
indicating that residual confounding due to an imperfect assessment of smoking status could be underlying bilirubin lung cancer relationships, and that lower bilirubin levels are an epiphenomenon of smoking. Yet, both the Taiwanese and the British study, for which comprehensive medical care databases were used, included higher case numbers than ours, and the hazard ratio of lung cancer in our study (0.58 (0.32, 1.05)) may still be in line with the notion of a somewhat lower lung cancer risk at higher bilirubin levels.
For uric acid, our analyses showed an inverse association with breast cancer risk. Similarly, lower breast cancer risk was observed among women in the highest quartile of uric acid levels in the AMORIS study (Yiu et al, 2017) . These results are opposed to a null finding from a large North American cohort (Hiatt and Fireman, 1988) , and to the observation of a direct association between uric acid and breast cancer-related death from an Austrian cohort (Strasak et al, 2007) . In the later study, a recent meta-analysis (Yan et al, 2015) , and a recent Mendelian randomisation study from Denmark (Kobylecki et al, 2017) , uric acid levels and overall cancer mortality were directly associated, which is contrast to our present finding of an inverse association. Our null result regarding colon cancer risk is in line with the result of a previous prospective study (Ko et al, 1994) , whereas higher uric acid levels were related to a significantly higher risk of colorectal cancer in the AMORIS study (Yiu et al, 2017) . As in our study, uric acid levels were not significantly associated with prostate cancer risk in AMORIS (Yiu et al, 2017) . While the AMORIS study further suggested lower risk of pulmonary cancers among men, but higher risk among women with higher uric acid, analyses based on prospective data from a British primary care database revealed higher risk of lung cancer with higher uric acid only among smokers (Horsfall et al, 2014) . Overall, the evidence on a link between uric acid and cancer risk appears to be rather heterogeneous, although it is notable that the inverse associations with breast cancer and cancer death remained statistically significant in our study, despite uric acid levels being related to a less favourable pattern of lifestyle factors, higher CRP levels and an older age. It is also remarkable, that both uric acid and albumin levels were significantly associated with breast cancer risk and cancer mortality, but not with the risks of prostate, colorectal or lung cancer in our study. If the anti-oxidative potential of albumin and uric acid underlay the observed associations for breast cancer and cancer mortality, one could have expected that such a more global mechanism drives similar associations with other cancer end points. In this regard, we are not aware of strong experimental evidence to indicate that albumin or uric acid should have a specific role in the development of breast cancer.
The present study had several limitations. Blood biochemistry markers were only available from one time point. However, it is not likely that the routine markers analysed in the present study undergo substantial intra-individual changes over time (Al-Delaimy et al, 2006) . Unlike in the majority of previous studies that were based on registry, survey or primary care data, we could comprehensively adjust for lifestyle factors and other potential confounders, which may explain some of the null associations from our analyses. At the same time, we cannot rule out residual confounding with respect to the observed significant associations, despite adjustment for background factors. Finally, the number of incident cases could have been too low to detect weaker associations, for example, between albumin levels and colorectal cancer risk. Analyses on mortality by cancer type were restricted due to low case numbers.
CONCLUSION
In the EPIC-Heidelberg study, serum levels of albumin and uric acid were significantly inversely associated with breast cancer risk and overall cancer mortality, but not with the risks of lung, prostate and colorectal cancer. Bilirubin levels were not associated with any cancer end point. Our results are in line with the notion of antioxidative effects of albumin and uric acid to inhibit breast carcinogenesis. Nevertheless, we have to acknowledge that associations between albumin, and especially uric acid, with cancer risk in epidemiological studies have been heterogeneous, and that stronger experimental evidence is needed to corroborate hypotheses on potential anti-carcinogenic properties of albumin and uric acid.
